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Abstract
Background & Aims—Idiopathic chronic pancreatitis (ICP) is a complex inflammatory
disorder associated with multiple genetic and environmental factors. In individuals without cystic
fibrosis (CF), variants of CFTR that inhibit bicarbonate conductance but maintain chloride
conductance might selectively impair secretion of pancreatic juice, leading to trypsin activation
and pancreatitis. We investigated whether sequence variants in the gene encoding the pancreatic
secretory trypsin inhibitor, SPINK1, further increase the risk of pancreatitis in these patients.

Methods—We screened patients with ICP (sporadic or familial) and controls for variants in
SPINK1 associated with chronic pancreatitis (CP) risk (in exon 3) and in all 27 exons of CFTR.
The final study group included 53 patients with sporadic ICP, 27 probands with familial ICP, and
150 unrelated controls, plus 503 controls for limited genotyping. CFTR wild-type (wt) and
p.R75Q were cloned and expressed in HEK293 cells and relative conductances of HCO3− and Cl−
were measured.

Results—SPINK1 variants were identified in 36% of subjects and 3% controls (odds ratio
[OR]=16.5). One variant of CFTR that has not been associated with CF, p.R75Q, was found in
16% of subjects and 5.4% controls (OR=3.4). Co-inheritance of CFTR p.R75Q and SPINK1
variants occurred in 8.75% of patients and 0.15% controls (OR=62.5). Patch-clamp recordings of
cells that expressed CFTR p.R75Q demonstrated normal chloride currents but significantly
reduced bicarbonate currents (P=0.0001).

Conclusions—The CFTR variant p.R75Q causes a selective defect in bicarbonate conductance
and increases risk for pancreatitis. Co-inheritance of CF-associated, and some not associated,
CFTR variants with SPINK1 variants significantly increase risk of ICP.

Keywords
NAPS2; pancreas; polygenic; risk factor; patch-clamp; epistasis

Introduction
Chronic pancreatitis (CP) is a complex and highly variable inflammatory syndrome defined
by episodes of acute pancreatitis, chronic pancreatic inflammation, progressive fibrosis, loss
of pancreatic exocrine and endocrine function and chronic pain 1–3. The most common
etiology of pancreatitis in children is cystic fibrosis (CF) 4, an autosomal recessive disorder
caused by mutations in the cystic fibrosis transmembrane conductance regulator gene
(CFTR).

CFTR is an epithelial cell anion channel that is expressed in the pancreas, airways,
gastrointestinal track, biliary tree, male reproductive organs and sweat gland and is critical
for normal fluid secretion. There are over 1600 known mutations of CFTR that cause CF, the
pancreatic severity of which is determined primarily from the category of mutation that has
been identified in patients 5. Patients who carry two CFTR mutations categorized by
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phenotype as CF-severe and a by molecular classification as Class I or II, with near total loss
of either mRNA or protein expression usually develop classic CF 6. These patients present
with advanced chronic pancreatitis, malabsorption and failure to thrive in the first few years
of life and have pancreatic insufficiency with an inability to maintain nutritional needs
without pancreatic enzyme supplements at, or soon after diagnosis. CF Patients carrying at
least one CTR mutation categorized by phenotype as CF-mild and by molecular
classification as Class III (altered regulation), Class IV (altered conductance), or Class V
(leading to exon skipping) 6, retain a critical level of CFTR function and generally develop a
milder CF phenotype with chronic pancreatitis and pancreatic insufficiency developing
significantly later than CF-severe patients 7. However, because pancreatic function is
retained, CF-mild patients are at risk for episodes of acute pancreatitis 8. In addition to CF-
severe and CF-mild phenotypes there are CFTR variants with CF-atypical phenotypes that
do not cause classic CF, but are associated with some features of CF such as bronchiectasis,
congenital absence of the vas deferens (CAVD), recurrent acute pancreatitis (RAP) or CP 9.
Little of the molecular pathophysiology of CF-atypical variants is known. Finally, there are
many CFTR variants that are likely benign. Unfortunately, the overwhelming majority of the
1600 identified CFTR variants have not been completely studied or classified, especially
with respect to potential effects on pancreatic duct cells and pancreatic phenotypes.

Serine peptidase inhibitor, Kazal type 1 (SPINK1), also known as pancreatic secretory
trypsin inhibitor, is the first trypsin-regulating molecule in the pancreas recognized as an
acute phase protein 10, 11. Expression of SPINK1 is markedly up-regulated only after the
initiation of inflammation 12. As a specific and potent inhibitor of cationic and anionic
trypsin, it prevents recurrent acute pancreatitis by preventing further activation of the acute
inflammatory response through blocking trypsin 13. Over 30 small case-control genetic
linkage studies have been reported to evaluate the association between SPINK1 N34S high-
risk haplotype and chronic pancreatitis 14. Despite evaluation of the same gene, the reported
effect size ranged from odds ratios of non-significant to ~80 14, suggesting that the
biological effect of common genetic variants is complex.

Under normal conditions, trypsinogen is contained within two compartments while inside
the pancreas: the acinar cell and the pancreatic duct. Since SPINK1 is synthesized and
secreted in parallel to trypsinogen, functional genetic variants in SPINK1 could affect
trypsin regulation in either compartment. Regulation of trypsin in the acinar cell is largely
dependent on regulation of intracellular calcium concentrations 15, while flushing of trypsin
from the pancreatic duct is dependent on the function of the duct cell, in which CFTR is the
central molecule for secretion of bicarbonate-rich juice.

ICP is strongly associated with the common SPINK1 high-risk haplotype N34S 14, but since
only a small minority of people who carry this variant develop CP we hypothesized that ICP
patients with SPINK1 variants must have a primary condition that increases the probability
of recurrent intra-pancreatic trypsinogen activation. Defective CFTR-mediated fluid
secretion from duct cells is such a condition, as occurs with CF-severe variants, but if there
were CFTR defects that only affected bicarbonate conductance, then the effect may be
limited to the pancreas - as predicted by our mathematical model 16 and recent molecular
studies 17. Thus, we hypothesize that defective pancreatic duct cell bicarbonate secretion
would be associated with severe (type I or II) CFTR mutations (no bicarbonate or chloride
conductance), or with CFTR mutations that selectively disrupt bicarbonate but not chloride
conductance (A theoretical Class IVb, where “b” is a subtype of variant that selectively
alters bicarbonate conductance). Either type of CFTR mutation would increase the risk of
pancreatitis, but the latter would not be associated with a classic CF phenotype.
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To investigate the role of CFTR and SPINK1 variants in idiopathic CP, we performed
genotyping of the CFTR gene and SPINK1 exon 3 in two independent populations of
subjects with ICP (sporadic and familial) and two control populations. Finally, to identify a
physiological reason for the repeated association of the CFTR variant p.R75Q with
pancreatitis, we have tested the chloride and bicarbonate conductance of CFTR p.R75Q in a
polarized epithelial cell line.

Methods
Study Population

The ascertainment of study patients was conducted as part of the multicenter North
American Pancreatitis Study 2 (NAPS2) 18 and the University of Pittsburgh-based
Molecular Genetics of Hereditary Pancreatitis (HP) study 19. All study protocols were
approved by the respective Institutional Review Boards. Pancreatitis phenotypes were
determined by physicians specializing in pancreatic diseases using abdominal imaging
findings of pancreatic fibrosis, calcifications, ductal dilation and atrophy. Hereditary
pancreatitis, familial pancreatitis, and sporadic pancreatitis were defined according to
Whitcomb 20. Patients with alcoholic chronic pancreatitis were excluded, with alcoholic
chronic pancreatitis defined by daily alcohol intake of 80 g per day in men and 25 g per day
in women for more than 5 years, or evidence of chronic alcoholism using the TWEAK
questions (old version) 21, 22. Idiopathic recurrent acute pancreatitis was diagnosed by a
minimum of two attacks of unexplained acute pancreatitis with amylase 3 times the upper
limit of normal. Chronic pancreatitis was determined by imaging studies.

SPINK1 And CFTR Mutational Detection
Peripheral blood leukocyte DNA was purified as described 23, 24. The SPINK1 exon 3 with
flanking intronic regions was sequenced to detect the pancreatitis-associated p.N34S and
p.P55S polymorphisms as previously reported 24. The entire CFTR coding region and the
adjacent intronic regions were analyzed by DNA sequencing in all SPINK1 mutation-
positive subjects with pancreatitis. Amplification products were analyzed on an ABI 3700
DNA analyzer using POP-6 separation matrix and imported into Genotyper v3.7 software
for allelic determination (Applied Biosystems). Mutation screening of the entire CFTR
coding region was performed in the 95 healthy control subjects (control group 1) by Ambry
Genetics (Costa Mesa, CA) using temporal temperature gradient gel electrophoresis
(mTTGE). Exons 3, 9, 10 and IVS8 were sequenced in control group 2 (n=55) and in the 51
patients lacking a SPINK1 mutation. To confirm sequencing data and expand the control
population, all NAPS controls were tested for the specific CFTR mutations p.F508del and
p.R75Q via custom iplex sequenom assay (primer sequences available on request).

CFTR p.R75Q Patch Clamp Studies
The CFTR p.R75Q mutant was prepared using a Quickchange XL site-directed mutagenesis
kit (Stratagene) from full-length human CFTR cDNA in pCDNA3.1. The CFTR p.R75Q
mutation was introduced using polymerase chain reaction mutagenesis and verified via
sequencing. (Primer sequences available on request) HEK 293 cells were transfected with
CFTR WT or p.R75Q vectors using Lipofectamine 2000 (Invitrogen), and stable cell lines
were selected in gentamycin (750 μg/ml). The cells were cultured in DMEM with 10% fetal
bovine serum and were maintained in a humidified atmosphere containing 5% CO2 at 37°C.
The expression of CFTR WT and p.R75Q were confirmed by immunoblot, confirming
similar expression levels. HEK 293 cells were harvested using TNTE buffer (50mM Tris
HCl, 150mM NaCl, 1% Triton-100, 5 mM EDTA, supplemented with complete protease
inhibitor cocktail, pH 7.5). Immunoblots were performed following a described protocol 25

using anti-CFTR mAb M3A7 (Chemicon).
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Whole-cell Recording
Whole-cell voltage and current recordings were obtained from HEK 293 cells stably
expressing CFTR WT or p.R75Q using an Axopatch 200B amplifier (Axon instruments,
Foster City, California) and standard methods 26. Cells were cultured on glass cover slips,
and the recordings made 24–48 hours after plating. Pipettes were fire polished to a tip
resistance of 2–5 MΩ in bath solution. Current-voltage curves were generated using voltage
pulses of 200 ms duration over a range of −100 to +70 mV in 10 mV increments. CFTR
gating was stimulated by addition of 10 μM forskolin and 100 μM cpt-cAMP to the bath
perfusate (rate 3ml/min). Data acquisition and analysis were performed using pClamp
software (version 9.0, Axon Instruments). All experiments were performed at 37°C. The
recording solutions were: Pipette (mM): 90 K-glucomic acid, 35 KCl, 4.8 NaH2PO4, 1.03
MgCl2, 5 Glucose, 0.5 EGTA; pH 7.2, titrated with KOH. The Bath(mM): 145 NaCl, 0.4
KH2PO4, 1.6 K2HPO4, 1.0 MgCl2, 1.5 CaCl2, 5 Glucose; pH 7.2, titrated with NaOH. The
HCO3

− containing Pipette (mM): 100 L-aspartic acid, 40 NaHCO3, 100 CsOH, 2 NaCl, 10
TES, 1 EGTA; and the HCO3

− Bath (mM), 125 NaHCO3, 18 NaCl, 2 MgSO4, 30 Mannitol,
1 CaCl2.2H2O, 5 Glucose, 10 TES. Solutions containing 40 mM HCO3

− in the pipette were
pre-gassed with 5% CO2/95% air prior to filling the pipette, and bath solutions containing
125 mM HCO3

− were continuously gassed with 30% CO2/70% air to maintain pH and
HCO3 concentration. 1 mM Mg-ATP and 100 μM Na-GTP were added to all pipette
solutions. 5 μM CFTR inh172 or 1 mM DIDS were added to the bath to test the blocker
sensitivity of Cl and HCO3

− currents. All data are presented as mean±SEM. Results were
analyzed and plotted using Clampfit 9.0 (Axon Instruments), SigmaPlot and Excel software.

Statistical Analysis
All comparisons between observed counts of genotypes in cases and controls were done
using a 2-sided Fisher’s exact test (testing that the proportions observed in the cases were
different from that observed in the controls). Comparison of age at onset data was done
using a 2-sided non-parametric Wilcoxon rank-sum test to compare the distribution of ages
at onset in the SPINK1 mutation positive patient group with the SPINK1 mutation negative
patient group. No covariate corrections were made. Genotyping success rate was 100% in all
sequenced samples, 99.4% and 98.6% for taqman genotyping of p.F508del and p.R75Q. All
identified variants were tested for HWE fit and not found to deviate. For the frequency-
based comparisons, the expected proportions of the different genotypes were derived using
frequency data from our control populations. Comparisons between the expected proportions
and the observed proportions were done using 2-sided binomial tests of proportions. Odds
ratios were always generated from 2-sided Fisher’s exact tests.

Results
Patient Population Data

A total of 197 patients and 653 control subjects were evaluated from the NAPS2 and
familial pancreatitis cohorts (Figure 1). Of the 197 patients, we excluded 108 subjects who
were alcoholics or had PRSS1 mutations. From the familial pancreatitis cohorts, we
excluded 9 related patients in our calculations, selecting one patient from each family who
had been diagnosed first chronologically, resulting in a final study population of 80 ICP
patients. The patients were then categorized by the inheritance pattern of disease, those with
no affected relatives were called sporadic chronic pancreatitis (SP, n=53) and those with at
least one affected family member were called familial pancreatitis (FP, n=27). The average
age of onset of the SP and FP groups were 29 and 20 years, respectively. 38% of the SP
group and 22% of the FP group were male. For control groups, 95 healthy adults over the
age of 50 years (control group one) were investigated by CFTR screening of all 27 exons,
and 55 spouses or unrelated friends of the pancreatitis patients (control group two) for exons
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3, 9, 10 and IVS8 (total control group=150), of which 36% were male. The remaining 503
control subjects were screened for SPINK1 exon 3 variants and CFTR exon 3 and 10
variants.

SPINK1 Genetic Variants
Sequencing exon 3 of the SPINK1 gene identified pancreatitis-associated p.N34S and
p.P55S polymorphisms that have been described previously 24, 27. SPINK1 IVS3+2 T/C was
identified in one patient and one control, so the intron variant was not included in the
analysis. Twenty nine of eighty ICP patients were found to carry at least one SPINK1 exon 3
variant (36%) (Table 1AI). Thirty-four percent of subjects with sporadic pancreatitis had
SPINK1 variants (p.N34S and/or p.P55S), as did 41% of probands from hereditary
pancreatitis families. The onset of pancreatitis occurred at a median age of 13 years (±11.0
years, range 1–46 years) among SPINK1-positive subjects, compared with a median age of
34 years (±21.1 years, range 1–82 years) among those who were SPINK1-negative (p<0.001,
Wilcoxon rank-sum test, 2-sided). SPINK1-negative SP patients had the highest median age
of onset at 38 years.

SPINK1 p.N34S and p.P55S variants were identified in 2 of 95 control subjects in group 1
(Table 1AII) and 3 of 55 in control group 2 (SFC). Comparison of these frequencies to those
of all pancreatitis subjects (36%) demonstrates an overall odds ratio of 16.5 for the effect of
SPINK1 variants [p=<0.0001 by Fisher’s exact test, 2-sided, Table 3 SPINK1 only, Mut/
any]. Most of the effect was due to the more common SPINK1 pN34S-associated haplotype.
In addition, seven pancreatitis patients were found to carry 2 mutations in SPINK1 as either
p.N34S homozygotes or p.N34S/p.P55S compound heterozygotes, comparing this rate to
that expected from the control population gives an overall odds ratio of 87.1 (95% CI 32.8–
231, p=0.0005) for carriers of two SPINK1 mutations.

CFTR Mutation Identification And Characterization
To assess whether CFTR and SPINK1 mutations are co-inherited in pancreatitis, we fully
sequenced the CFTR gene of the patients that had previously identified mutations in
SPINK1. Complete CFTR sequencing of the 29 SPINK1 positive patients and the 95 samples
in control group 1 not only revealed highly common SNPs but also eighteen rare sequence
changes. Because of the high number of CFTR variants in this study and reported in the
literature, we categorized the mutations into disease categories (Table 2). Two mutations,
p.F508del and p.R560T, well characterized as Class II CFTR mutations, often associated
with pancreatic insufficient CF, were categorized as CF-severe for statistical calculation.
Also identified were six mutations (IVS8 T5, p.D443Y, p.G576A, p.F508C, p.I807M,
p.M952T) reported to cause a milder form of CF or other CF related diseases (such as
CAVD), which we have categorized as CF mild. While the IVS8 T5 variant has been
categorized as class V, little is known about the functional consequences of the remaining
mutations. Two peculiar mutations that occurred in both populations, c.1584GtoA
(1716GtoA legacy name) and p.R75Q, have been generally regarded as benign sequence
variations 28 (www.genetics.sickkids.on.ca) but repeatedly show association to CF-related
diseases, pancreatitis 29–31 and some atypical cystic fibrosis patients 32. Two individual non-
synonymous sequence changes, p.R668C and p.I148T were identified with CFTR full
sequencing in one control each, but without additional mutations found in cis (p.D443Y
+p.G576A and c.3067del6 (i.e.3199del6), respectively). These isolated sequence changes
are considered to be benign, and were categorized as “other”. We categorized the remaining
six sequence changes as “other” due to lack of any disease association or physiological data
in either the literature or the CFTR mutation database (www.genet.sickkids.on.ca).
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CFTR Genetic Variants Among Pancreatitis Patients
By direct sequencing of all 27 exons of CFTR, we identified variants in 69% of patients with
SPINK1 mutations (Table 1AI) (61% SP, 72% FP). Among the nine patients without CFTR
mutations, four were homozygous or compound heterozygous for SPINK1 mutations, which
is often considered to be CP causing 27. Mutation screening of all 27 exons in control group
1 (Table 1AII) revealed that 23% had CFTR sequence variants. In the SPINK1 mutation
positive patient group, CF-severe variants of CFTR (i.e. Class I or II) were more common
than in controls (CF severe 17% vs 2%, p=0.002), as were CF-mild mutations (17% vs 3%
p=0.007). All CF mutation groups were significantly more common in the patient population
than control, except for those in the other category, which are either unassociated with
disease or unknown (Other 7% vs 8% p=0.93).

To rapidly identify CFTR mutations in control group 2 and the SPINK1 mutation negative
patient group, we screened the CFTR exons that varied most commonly in the fully
sequenced subjects. In patients with SPINK1 mutations, CFTR variants were most
commonly observed in exons 3 (e.g., p.R75Q), 10 (e.g., p.F508C, c.1584GtoA, p.F508del)
and IVS8/exon9 (T5/TG12 or TG13) (Tables 2 and 3). Thus, we sequenced CFTR exons 3,
9, and 10 and IVS8 in subjects with idiopathic pancreatitis but without SPINK1 mutations
and a separate control group (55 spouses or friends of the pancreatitis subjects). CFTR
variants in exons 3, 9, 10 and IVS8 were identified in 14.5% of spouse or friend controls and
27.5% of patients with idiopathic pancreatitis without SPINK1 mutations. For the overall
patient and control groups (irrespective of SPINK1 mutation status) CF-severe mutations
were identified significantly more often in patients as compared to controls (OR 7.1,
p=0.009).

Risk Analysis Of Individual CFTR Mutations
Recognizing that many SNPs in CFTR may be physiologically harmless and not cause
disease, we calculated the individual risks of our most commonly identified CFTR variants
p.F508del, p.R75Q, c.1584GtoA and IVS8 T5 for their effects on idiopathic chronic
pancreatitis (see Table 3), regardless of SPINK1 status. As expected, p.F508del was
identified significantly more often in patients than controls (OR 2.75, p=0.02). The mild/
atypical CF variant IVS8 T5 and the synonymous mutation c.1584GtoA were not significant
(p=0.36 and p=0.12). The common CFTR variant p.R75Q, however, was significantly
overrepresented in patients vs controls (OR=3.4, p=0.0002).

Combined Effect Of CFTR And SPINK1 Variants
We observed a striking increase in pancreatitis risk by comparing the expected with the
observed frequency of combined CFTR and SPINK1 mutations (OR 84.4, 95% CI 35.8–199,
p≪0.0001, Table 3). The CF-severe CFTR mutation (p.F508del) when combined with a
SPINK1 variant, conferred the highest risk of pancreatitis (OR 131.5). Three control subjects
were found to carry both a SPINK1 variants and CFTR c.1584GtoA. When analyzed
individually, the c. 1584GtoA mutation did not confer significant risk either with or without
a corresponding SPINK1 mutation, while the CFTR p.R75Q mutant conferred a significant
risk for pancreatitis both when considered individually and with a concurrent SPINK1
mutation (OR 3.4 and 62.5 – Table 3).

Given the carrier frequency of the aforementioned mutations, the expected frequency of a
compound CFTR/SPINK1 genotype is approximately 5 in 1000. Of all 653 controls, one
subject carried mutations in both CFTR and SPINK1 concurrently (p.N34S/p.R75Q). A
further review of the medical history of the control carrying both the SPINK1 p.N34S and
CFTR p.R75Q mutations revealed recurrent abdominal pain requiring hospitalization and an
abdominal surgery, cholecystectomy. The subject was 55 years old at the time of
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ascertainment, an unrelated control subject, multiparous, a former smoker and self-reported
a family and personal history of abdominal disease, raising the possibility that the individual
had undiagnosed pancreatic disease.

Anion Transport By p.R75Q CFTR In HEK 293 Cells
To assess the physiological properties of the p.R75Q variant, we stably expressed mutant
and wild type CFTR in HEK293 cells and tested the relative conductances of each CFTR
protein to HCO3

− and Cl−. Figures 1A and 1B show the forskolin plus cpt-cAMP stimulated
current-voltage (I–V) relations obtained in cells expressing either CFTR WT or p.R75Q and
studied under conditions where chloride or HCO3 are the major permeant anions. Currents
in Cl− media at −60mV for CFTR WT and p.R75Q were not significantly different (mean
−37.6 vs −28.6. p=0.3) (Figure 1C). When recorded using HCO3

− solutions in the pipette
and bath, the current for CFTR WT was significantly less than in Cl− media, but
significantly greater than that of the p.R75Q variant (mean −8.23 vs −1.53, p=0.0001). The
HCO3/Cl current ratio for CFTR WT was 0.22, in agreement with published values of
HCO3/Cl permeability. Viewed in another way (Figure 1C), the current ratio in Cl− media
for p.R75Q/WT was 0.76, which was not statistically different from 1.0; however, the
current ratio in bicarbonate media for p.R75Q/WT was 0.18, and the HCO3/Cl current ratio
for p.R75Q was 0.053, four-times lower than that for CFTR WT.

Discussion
In the present study of ICP in patients without clinical evidence of CF, we confirmed that
the combination of trans-heterozygous CFTR and SPINK1 variants markedly increases the
risk of pancreatitis, as first observed by Noone et al 33. However, we demonstrate for the
first time a very high risk of pancreatitis in patients with specific CFTR mutations (p.R75Q,
p.F508del) and show that CFTR bicarbonate conductance is specifically impaired in the
relatively common CFTR variant p.R75Q.

Much work has been done on the genetics of pancreatitis, and although the association of
each the genes PRSS1, SPINK1 and CFTR remains generally supported, the relationship
between these genes still remains unresolved. Our study demonstrated a strong association
between SPINK1 and CFTR mutations in pancreatitis, which is in agreement with the data of
some investigators 34, 35 while the data present by others showed no association 36–38. Our
patient population may different in some ways from that of conflicting reports since it
encompasses a wide range of European ethnic backgrounds 18, and thereby diminishes the
likelihood that unusual local genetic or environmental factors might affect the results.
Furthermore, our study population includes probands of subjects with familial pancreatitis,
further strengthening the likelihood of identifying genetic interactions. While our study
clearly establishes a pathological association between bicarbonate-limiting CFTR mutations
and SPINK1 mutations, other risk factor may also be important in ICP.

The majority of our patients with idiopathic sporadic and idiopathic familial pancreatitis that
were heterozygous for SPINK1 variants were also heterozygous for CFTR variants. In these
patients without CFTR variants, about half had homozygous or compound heterozygous
SPINK1 variant genotypes, a condition that may be sufficient to cause CP directly 27. The
high risk of polygenic CFTR-SPINK1 variants is also suggested by a much earlier age of
onset than seen in sporadic CP without mutations in these genes, suggesting that
unidentified environmental factors, rather than strong genetic factors, are associated with
disease expression in older patients (e.g. moderate alcohol consumption, smoking or other
toxins).
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The CFTR p.R75Q variant was associated with a high risk of pancreatitis in the presence of
a SPINK1 mutation in the present study, and it was also observed in the series reported by
Noone 33, Weiss 36 and Tzetis 34 in patients with CP. While this variant has been
investigated previously for causing CF 28, a number of researchers have determined that
CFTR p.R75Q is processed and matures much like CFTR WT in cells, and physiological
studies show no gating or Cl− channel dysfunction 39. This type of data strengthens the
argument that .PR75Q is a sequence variant, not contributing to the autosomal recessive
disorder CF 28 (www.genetics.sickkids.on.ca). However, the fact that CFTR p.R75Q is
repeatedly reported as a CFTR variant in a number of atypical CF patients 32 and CF-related
disorders such as sarcoidosis 29, chronic obstructive pulmonary disease (COPD) 30 and CP
31 suggests that normal function is disrupted in some way. Here we demonstrate for the first
time that p.R75Q alters bicarbonate, but not chloride conductance. This is consistent with
our CP model that recognizes CFTR as pancreatic duct cell bicarbonate channel, and
predicts that CFTR mutations disrupting bicarbonate conductance will markedly increase
risk of pancreatic disease either through total disruption of protein processing (e.g.
p.F508del) or alteration in channel properties (e.g. p.R75Q) 16. This finding also suggests
that there may be additional CFTR mutations that specifically disrupt bicarbonate
conductance and thus are also specific risk factors for CP but not CF. In 2001, Choi et al.
reported bicarbonate conductance testing of 16 CFTR mutations, showing that chloride and
bicarbonate conductance dysfunctions are not often linked to each other and are
independently mutation specific 40. Our investigation of bicarbonate specific mutations in
CFTR is ongoing.

Our data suggest that the correlation of the relatively common CFTR variant p.R75Q with a
SPINK1 mutation increases the risk of chronic pancreatitis in a multiplicative manner
(SPINK alone OR=16.5, p.R75Q alone OR=3.4, combined with SPINK1 OR=62.5, Table 3),
while that of heterozygous CFTR p.R75Q or CFTR p.F508del variants becomes insignificant
in a SPINK1 WT background. This suggest an epistatic association between SPINK1 and
CFTR.

Our findings also confirm reports that compound SPINK1 variant genotypes confer very
high risk for pancreatitis, as first suggested by Witt and colleagues 27 and confirmed by
Pfützer and colleagues 24. In addition, we found that the majority of subjects with
heterozygous SPINK1 mutations and pancreatitis also have CFTR mutations, providing
compelling evidence of a polygenic, high-risk pathway leading to ICP 14, 24, 41. This
pancreas-specific mechanism associated with ICP was found to be common in both sporadic
and familial populations. We further identified a new class of CFTR variants that appear to
be pancreas-specicific because of their selective effect on bicarbonate secretion (suggested
Class IVb). Finally, this study illustrates the importance of combining our knowledge of
biology with multiple candidate gene testing and functional experimentation to help
recognize and understand complex and multiplicative risks for common, complex disorders.
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Figure 1. Ascertainment of Patient and Control Populations
Classification of subjects studied according to phenotype and genotype. PRSS1, protease
serine 1; SP Sporadic Pancreatitis; FP, familial pancreatitis family proband; HC, healthy
controls; SFC, spouse or friend control; NAPS controls, final control group limited to SNP
specific genotyping.
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Figure 2. The R75Q mutation results in a selective decrease in CFTR HCO3 conductance
(A) Current-voltage (I–V) relations recorded under whole-cell patch clamp conditions from
HEK 293 cells stably expressing WT CFTR with pipette and bath solutions containing
predominantly Cl or HCO3 in both pipette and bath solutions, as indicated in Methods. The
mean data are from 8 and 9 recordings from cells exposed to the Cl and HCO3 recording
conditions, resp. (B) Whole-cell I–V relations from HEK cells stably expressing R75Q
CFTR. Recording conditions and numbers are the same as in A. (C) Mean whole-cell
currents recorded using Cl and HCO3 solutions at a pulse voltage of −60 mV from the data
summarized in A and B. (*) indicates a significant mean current difference in HCO3 vs. Cl
media; (**) additional significant difference between currents in HCO3 media comparing
WT and R75Q CFTR expressing cells.
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Table 2A
Total CFTR sequencing results of ICP patients with SPINK1 mutations and Healthy
Controls

I. Patients (1–29) with their corresponding categories (Dx) Sporadic (SP) or Familial (FP) Pancreatitis, ages of
diagnosis (age dx) and CFTR, SPINK1 genotyping results.
II. Healthy controls (1–95), subjects 22–95 had no identified mutation in either CFTR or SPINK1.

I. Patients With SPINK1 Mutations

Dx Age Dx CFTR mutations SPINK1 mutations

1 SP 12 −/− N34S/P55S

2 SP 46 −/− N34S/P55S

3 SP 13 −/− N34S/N34S

4 FP Infant −/− N34S/N34S

5 FP 8 R560T/− N34S/P55S

6 FP 15 M952T/− N34S/N34S

7 SP 19 +R75Q/− N34S/N34S

8 SP 3 +F508del/− P55S/−

9 SP 3 +F508del/1584GtoA N34S/−

10 SP 19 +F508del/− N34S/−

11 FP 12 +F508del/I807M, 3139+42AtoT N34S/−

12 SP 14 D443Y+G576A+R668C* N34S/−

13 SP 1 +F508C/− N34S/−

14 SP 20 +IVS8-T5-TG12/− N34S/−

15 SP 16 +R75Q/− P55S/−

16 SP 9 +R75Q/− N34S/−

17 SP 9 +R75Q/− N34S/−

18 SP 16 +R75Q/+1584GtoA N34S/−

19 FP 7 +R75Q/− N34S/−

20 FP 35 +R75Q/− N34S/−

21 FP 2 +1584GtoA/− N34S/−

22 FP Child +1584GtoA/− N34S/−

23 SP 14 +1584GtoA/− N34S/−

24 FP 14 3139+42AtoT/− N34S/−

25 FP 28 −/− N34S/−

26 FP 36 −/− N34S/−

27 SP 8 −/− N34S/−

28 SP 9 −/− N34S/−

29 SP 3 −/− N34S/−

II. Healthy Controls

CFTR mutations SPINK1 mutations

1 −/− N34S/−
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II. Healthy Controls

CFTR mutations SPINK1 mutations

2 1584GtoA/− N34S/−

3 F508del/− −/−

4 F508del/− −/−

5 G576A+R668C/− −/−

6 IVS8 T5-TG12/− −/−

7 R75Q/− −/−

8 R75Q/− −/−

9 R75Q/− −/−

10 R75Q/− −/−

11 R75Q/− −/−

12 R75Q/− −/−

13 R75Q/− −/−

14 R75Q/− −/−

15 R75Q/− −/−

16 −9CtoT/− −/−

17 +C76W/− −/−

18 T1086A/− −/−

19 R668C/− −/−

20 N1432K/− −/−

21 I148T/− −/−

22 2657+22GtoA −/−

23–95 −/− −/−

*
mutations commonly found in cis

+
Denotes mutations in exons that were chosen for CFTR screening of the larger population
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